Abstract. Spatial structure in metacommunities and their relationships to environmental gradients have been linked to opposing theories of community assembly. In particular, while the species sorting hypothesis predicts strong environmental influences, the neutral theory, the mass effect, and the patch dynamics frameworks all predict differing degrees of spatial structure resulting from dispersal and competition limitations. Here we study the relative influence of environmental gradients and spatial structure in bird assemblages of the Chilean temperate forest. We carried out bird and vegetation surveys in South American temperate forests at 147 points located in nine different protected areas in central Chile, and collected meteorological and productivity data for these localities. Species composition dissimilarities between sites were calculated, as well as three indices of bird local diversity: observed species richness, Chao estimate of richness, and Shannon diversity. A stepwise multiple regression and partial regression analyses were used to select a small number of environmental factors that predicted bird species diversity. Although diversity indices were spatially autocorrelated, environmental factors were sufficient to account for this autocorrelation. Moreover, community dissimilarities were not significantly related to distance between sites. We then tested a multivariate hypothesis about climate, vegetation, and avian diversity interactions using a structural equation modeling (SEM) approach. The SEM showed that climate and area of fragments have important indirect effects on avian diversity, mediated through changes in vegetation structure. Given the scale of this study, the metacommunity framework provides useful insights into the mechanisms driving bird assemblages in this region. Taken together, the weak spatial structure of community composition and diversity, as well as the strong environmental effects on bird diversity, support the interpretation that species sorting has a predominant role in structuring avian assemblages in the region.
INTRODUCTION
Understanding patterns of species diversity at different temporal and spatial scales has been a central goal of ecology and biogeography (Hutchinson 1959 , Rosenzweig 1995 , Leibold et al. 2004 . Despite the wide variety of theories and more complex analytical tools available to ecologists today, the topic remains controversial and unresolved (Hawkins et al. 2003) . Complex issues related to spatial patterns, such as the existence of autocorrelation and spatial trends, have become important parts of large-scale ecological studies (Keitt et al. 2002) . Moreover, the development of geographic information systems and remote sensing has allowed for the integration of small-and large-scale patterns (Betts et al. 2006 ). However, the challenge remains to place these results in a theoretical context, and to reconcile large and small scales into a unified theory (Hubbell 2001 , Whittaker et al. 2001 . At large scales, species diversity generally has been related to climate and productivity (Gaston and Blackburn 1995 , Hawkins et al. 2003 , Rahbek 2005 , whereas at smaller scales it has been suggested that dispersal and biological interactions play a greater role (Keddy and Weiher 1999, Leibold et al. 2004) . Another level of complexity is added by the multiple hypotheses that link environmental factors to species diversity. It has been argued that climate can have a direct effect on species richness by imposing physiological constraints that limit species distributions. However, it can also have indirect effects, for example, by changing the properties of vegetation structure and ecosystem productivity (Hawkins et al. 2003) .
The concept of metacommunity, defined as a set of communities connected by dispersal, has recently been emphasized to bridge the gap between small and large scales (Leibold et al. 2004) . Four different theoretical frameworks have been identified to explain metacom- 3 Present address: Universite´de Montpellier II, Institut des Sciences de l'Evolution, UMR 5554, Place Euge`ne Bataillon, CC065, 34095 Montpellier CEDEX 5, France. E-mail: cnmeynard@gmail.com munity structure (Leibold et al. 2004 , Chase et al. 2005 ): the neutral theory, which assumes that different species are equivalent and gives attention to random events and dispersal; the patch dynamics framework, which puts more emphasis on the competition-colonization tradeoff between species; the species sorting framework, in which species composition is determined mainly by environmental gradients; and the mass effect, in which both environmental gradients and species dispersal play an important role. These theoretical frameworks overlap significantly in their predictions, but there are important differences. In particular, all but the species sorting view predict spatial autocorrelation in species turnover (Chase et al. 2005) . In other words, if community composition depends solely on the nature of environmental gradients, geographic distance between communities should not be an important predictor of species composition change unless the environmental gradient itself is autocorrelated. On the contrary, if dispersal is the main determinant of community composition, as predicted by the neutral framework, then communities that are located closer together in space should also be more similar in terms of species composition. Both the mass effect and the species sorting views predict that environmental gradients play a significant role in species spatial turnover rates and species composition, whereas the patch dynamics and the neutral models predict no relationship between these (Gilbert and Lechowicz 2004, Chase et al. 2005) . These views are not necessarily exclusive and different mechanisms could be driving community dynamics in different systems or at different spatial scales. Recent reviews suggest that the neutral model may drive tropical tree communities, whereas the sorting and mass effect frameworks could be predominant in temperate communities (Gilbert and Lechowicz 2004, Cottenie 2005) .
The goal of this study was to assess the relative importance of spatial structure and environmental gradients in local bird communities of the South American temperate forest at intermediate scales (10-500 km). Because the study site is located in a predominantly temperate area and presents strong latitudinal environmental gradients, we expected to see a strong influence of climate on species composition and diversity in local communities. Therefore, we hypothesized that environmental gradients would have strong influences on bird local diversity through direct and indirect effects, and dispersal would have only a weak influence on species composition. We also expected to see strong indirect effects of habitat fragmentation and climate on bird species diversity, mediated through changes in vegetation structure.
Bird surveys, vegetation characterization, and climatic variables within native forests were collected for nine protected areas between 34.58 S and 39.58 S. First we will characterize bird species richness and turnover rates within and between reserves and parks and explore their relationship to spatial structure. Then we will examine local relationships between different indices of diversity, vegetation and climate characteristics of the sites. We will end by testing a multivariate hypothesis in which climate and area have indirect, as well as direct, effects on bird species diversity, and vegetation structure has a strong influence on bird local diversity.
METHODS

Area of study
The South American temperate forest is a unique ecosystem due to its isolation and high species endemism (Vuilleumier 1985) . This forest type can be found in a narrow but long strip between latitudes 338 S and 568 S in Chile and western Argentina (Veblen et al. 1996) . Consequently, the climate varies from a highly seasonal mediterranean climate in the north to a rainy and cold temperate climate in the south. Furthermore, the Nothofagus forest found in central Chile is unique in growing in an area of mediterranean climate influence (Donoso 1996) . It is also located in the area of the country with the highest level of human intervention due to agriculture, forestry, and urbanization (Pauchard and Villarroel 2002) . Little is known about the avian communities in the native forests of central Chile. Farther south, bird species diversity in evergreen temperate forests has been related to vegetation structural elements such as forest seral stage, understory cover, availability of deadwood, and fragment area (Diaz et al. 2005) .
Bird surveys
In total, nine sites were surveyed, seven of which were visited during two consecutive reproductive seasons, between October and December 2003 and (Fig. 1) . The sites are dominated by different Nothofagus species characteristic of the temperate mixed-deciduous forest (Appendix A). Villa Baviera is a private property, but the forest that covers most of its mountains has been effectively protected from logging and grazing for the last 30 years. The other sites visited were either national parks or national reserves. Their management differs in that, in principle, national parks have a primary goal of conservation, whereas national reserves are managed for the sustainable extraction of some limited resources. In practice, however, both types of protected areas are managed in a similar way, usually without clear management plans or mandates. In particular, most sites allow extraction of deadwood for the personal use of the park rangers, usually by removing dead standing or fallen trees, and experience occasional trespassing of cows and horses for grazing. Other activities such as burning, logging, and hunting are strictly forbidden. National reserves, however, are usually surrounded by human settlements and were often created more recently than national parks. As a consequence, reserves tend to be dominated by second-growth forests, whereas parks are dominated by old-growth forests.
All forested trails within each reserve were visited and survey points were located .250 m away from each other, on or near (within 50 m) an existing trail, and at least 50 m away from any forest border. Trails were usually narrow and we rarely encountered any visitors during the time of the surveys. An experienced observer recorded species heard or seen at each point during 8 minutes within a 50 m radius. All surveys were repeated for three calm, dry days, between 06:00 and 11:00 hours, a procedure that has been shown to detect a large proportion of the avifauna in the Chilean temperate forest (Willson et al. 1994 , Cornelius et al. 2000 . We used the presence and absence data collected in these surveys to estimate species richness at 147 survey points.
Habitat characterization
We used a point-centered-quarter method to characterize local vegetation (Bonham 1989) . At the center of the point, as well as 25 m in each cardinal direction from it, several measurements were taken in the four closest trees: tree diameter at breast height (dbh), tree height, tree canopy diameter and height, distance to the center of the quadrant, and number of standing or fallen dead trees within 5 m. The dominant tree species were recorded, as well as percent cover of shrubs and herbs in the understory. Canopy cover was measured along two perpendicular 50-m transects using a densitometer. Meteorological data, including mean, maximum, and minimum temperature, temperature range, precipitation, seasonality, and altitude, were downloaded from the WorldClim 1.4 database (Hijmans et al. 2005 ; data available online).
4 An estimate of net primary productivity (NPP) was downloaded from the MODIS web site (Running et al. 2004 ). Both were available as, or were converted to, a regular grid of 30 degree-seconds, ;0.72 km 2 at these latitudes. Vegetation information was downloaded from the national vegetation inventory (CONAF-CONAMA-BIRF 1999; data available online).
5 At the location of each field sample, the values for forest type, area of the forest fragment, and distance to the border of the forest were extracted. To reduce the number of variables, a nonmetric multidimensional scaling (NMDS) was used on vegetation variables (Minchin 1987) . Seven axes appeared to be sufficient to capture the vegetation characteristics. To interpret the axes of the NMDS analysis, we recorded the Pearson correlation value of each one of them with the original variables.
A principal component analysis was carried out on all climatic layers. The first three axes explain 96.4% of the variation in these variables and will be considered in the rest of the analysis. The available environmental information was then incorporated into a multiple regression analysis. The predictors included the seven NMDS axes, three PCA axes, each with a linear and a quadratic term, presence of Chusquea sp. (native bamboo) recorded in each point, area of the fragment in which each point was situated, and distance to the border of the fragment. Appendices B and C provide full details of the NMDS and PCA axes, and Table 1 provides a summary of the most important axes used in the analysis.
Site species richness and community dissimilarities
For all composition and dissimilarity analyses, we grouped points within sites to reduce the chances of missing any species that were really there. Therefore, the minimum sampling effort is 18 surveys (6 points 3 3 days; see Appendix E).
Park species richness and composition dissimilarity between years and between sites were calculated using the software COMDYN (Nichols et al. 1998 ). This program is an adaptation of mark-recapture techniques to presence and absence surveys. It uses a jackknife estimator to account for species detectability differences in richness estimates. Turnover rate or composition dissimilarity at a year or site was defined as the probability that any given species observed at one time or site was absent in the previous one (Nichols et al. 1998 ). Here we will use ''turnover rate'' to refer to temporal changes in species composition, and ''dissimilarity'' to refer to spatial differences. For this analysis, survey points within parks were considered as replicates to ensure sufficient power of the COMDYN estimates (Nichols et al. 1998) .
A matrix of species presence and absence by site was also used in a simple cluster analysis (Venables and Ripley 2002) to determine species composition similarities between communities using the Bray-Curtis distance (Legendre and Legendre 1998) . A cluster analysis based on geographic distance was also carried out for comparative purposes.
Local species richness and diversity
We used different measures to quantify species diversity at the survey point level. Because vegetation characteristics were measured only once at each site and they did not change noticeably between years, species richness at each sampling point was estimated by combining the data from the two years of survey. We recorded observed species richness as well as estimated species richness using the Chao richness estimate (Chao 1987) . This richness estimate considers the number of species potentially present by taking into account the probability that a recorded absence is real, given that rare species are less likely to be detected. Overall, this method tends to overweight the importance of rare species that were not detected.
We also calculated the Shannon diversity index, which is defined as: H ¼ÀR p i log( p i ) where p i is the proportion of all individuals comprised by species i (Magurran 1988) . In contrast to the Chao richness estimate, the Shannon diversity index is inherently insensitive to rare species, as it weights species richness with species relative abundance, and it does not explicitly take species detectability into account.
Statistical analyses
The analyses were carried out using the statistical package R, Version 2.4.1 (R Development Core Team 2005); see supplementary material for details. In a first step, a stepwise selection procedure based on the Akaike information criterion modified for small samples (AIC c ) was used to select important predictors of bird diversity (Burnham and Anderson 2002, Venables and Ripley 2002) . Whenever a quadratic term was selected, the corresponding linear term was forced into the model. Species richness was highly autocorrelated in space up to 3 km (Moran's I test, P , 0.05) for all indices of diversity used. The residuals of all regressions were therefore examined for spatial autocorrelation. After selecting a subset of predictors, a partial regression analysis was carried out. In this analysis, the percentage of variance explained by one variable is calculated after controlling for the effect of the other predictors (Legendre and Legendre 1998) .
Next we used the information from the previous analysis in a structural equation modeling (SEM) analysis. SEM is an extension of multiple regression analysis that allows for testing direct as well as indirect effects (Grace 2006) . This is done by fitting a series of equations that represent a hypothesis about the relationship between variables, where the response variable in one equation can be a predictor in another equation. Model fit is assessed by comparing the variancecovariance structure implied by the hypothesis with the variance-covariance structure of the data (Kline 2005 , Grace 2006 ). This analysis was carried out using maximum likelihood estimation available in the package ''sem'' within R Version 2.4.1. The data were tested for normality using a Kolmogorov-Smirnov test, and they were transformed to conform to normality when necessary (Kline 2005) . Transformations used were: Àlog(max(x) À x þ 1) for Shannon diversity, log(x) for area, x 2 for PC3, and x 2/3 for PC1. After transformation, bivariate plots showed homoscedasticity and linearity. All variables were scaled to have a mean of 0 and a standard deviation of 1 by transforming them to a z score (Kline 2005) . All coefficients shown in the results are standardized.
The original model proposed included all direct and indirect effects of climate and area through vegetation, affecting diversity. Diversity was represented as a latent variable with two indicators: measured species richness and Shannon diversity. Ideally, we could have used the three indices of diversity as indicators for a single latent TABLE 1. Interpretation of NMDS (nonmetric multidimensional scaling) and PCA axes used in the partial regression analysis.
Name of axis Interpretation
NMDS1
Negatively related to tree density and cover; positively related to tree size. Corresponds to mature, heterogeneous forests with low density of large trees.
NMDS4
Positive relationship to the minimum tree size (dbh and height); negative relationship to canopy cover and maximum tree size and tree size variability; negative relationship to availability of deadwood. Corresponds to relatively young, homogeneous adult forests.
NMDS5
Negatively related to herb and shrub cover; positively related to foliage volume and tree height. Corresponds to forests of high canopy cover but little understory development.
PC1
Corresponds to cold environments with little temperature and precipitation variability and greater rainfall during the dry season. This is interpreted as a temperate climatic influence.
PC3
Corresponds to environments with high precipitation seasonality but little temperature seasonality, and overall low temperatures. This is interpreted as the high altitude influence in mediterranean climatic areas.
Note: See Appendices B and C for details on NMDS and PCA loadings.
variable representing diversity. However, Chao estimates of richness had a high correlation value with observed richness but a low correlation value with Shannon diversity (Pearson correlation ¼ 0.6), introducing some instability in the parameter values for the latent variable (Grace 2006:97-100) , and it was therefore excluded. The first proposed model did not represent a good fit to the data. Therefore, a model-generating strategy (Kline 2005 ) was adopted using modification indices to add covariance terms that could improve model fit. Modification indices are based on one degreeof-freedom chi-square score statistics to estimate model fit improvements once a particular parameter has been freed (Kline 2005) . This serves as the basis to select paths that could be added to the proposed model and that could increase model fit. This method is commonly used, in conjunction with individual parameter significance tests, to explore potential changes to a proposed SEM (Hershberger et al. 2003 , Kline 2005 . Once a good fit was obtained, the model was simplified by eliminating the relationship with the highest P value in a backward stepwise process as long as model fit, as measured by RMSEA (root mean square error of approximation), chi-squared test, and BIC (Bayesian information criterion), improved (Kline 2005) . The magnitude of indirect effects can then be compared to direct effects by calculating standardized coefficients for each path (Grace 2006) .
RESULTS
Richness and dissimilarity patterns at the site level
Overall, a total of 42 bird species, excluding birds of prey, were recorded (Appendix D). The observed species turnover from one year to the next was usually on the order of 10% (Appendix E). Comparing different sites within a given year, dissimilarity in species composition varied greatly, from 7% to .70% (Appendix F). The Gamma values (complement of species dissimilarities between sites) were significantly correlated from one year to the next (P , 0.05, adjusted R 2 ¼ 0.48). A regression between the Gamma values for each year and the distance between sites suggested a tendency for closer sites to have lower dissimilarities. However, this tendency was not significant and explained ,7% of variation per year (for 2003, P ¼ 0.10 and adjusted R 2 ¼ 0.07; for 2004, P ¼ 0.32, adjusted R 2 ¼ 0.0003). A cluster analysis based on geographic distance between sites (Fig. 2a) yielded groups that were different from those derived from species composition (Fig. 2b) . In terms of species composition, the northernmost site (R.N. Rio Los Cipreses) was in its own separate basal group; the three southernmost sites (Conguillı´o, Huerquehue, and Nahuelbuta) are grouped together in a second cluster, whereas all other sites form a third group (Fig. 2b) . This suggests some structuring of avian communities across the climatic and elevation gradient that is somewhat independent of geographic distance.
Richness patterns at the survey point level
After selecting relevant variables using a stepwise procedure, a partial regression analysis was carried out only with those variables that were consistently selected by most richness and diversity indices ( Table 2 ). The interpretation of NMDS and PCA axes used in this analysis is presented in Table 1 , and details of their loadings can be found in Appendices B and C. The residuals for regressions with observed and estimated richness did not present significant spatial autocorrela- Table 2 ), suggesting that autocorrelation was accounted for by the spatial structure of the predictors (Haining 2003) . However, the residuals for the Shannon diversity did show a significant autocorrelation (Moran's I test, P , 0.05; Table 2 ).
From the NMDS axes selected, major influences on one or more measures of bird diversity appear to include habitat features characterized by logs and snags in mature forests, tree and foliage density in younger forests, and understory cover (Tables 1 and 2 ). Specifically, a negative quadratic relationship with NMDS4 is one of the most important predictors for all three diversity indices (Table 2) . This axis represents an interaction between forest age and the degree to which there is available deadwood (Table 1, Appendix B). NMDS1 also comes out as significant in all cases. This is a negative effect related to adult old forests with little understory cover (Table 1) . NMDS5 was particularly important for the Shannon diversity index, representing a negative effect of little understory cover and a positive effect of dense and high foliage volume. The relationships to both NMDS1 and NMDS4 are indicative of higher diversity, however measured, in dense and young forests with abundant logs and snags and a minimum tree size.
The two PCA climatic axes selected and fragment area were important for observed richness and Chao estimates, but they did not explain a significant percentage of the variance in the Shannon diversity index. PC1, a temperate climatic influence (Table 1) , had a positive relationship to richness (Table 2) . PC3, which can be interpreted as a high-elevation influence in mediterranean climates (Table 1) , also showed a positive relationship to species richness, but this becomes irrelevant when considering the Chao richness estimate or the Shannon diversity index ( Table 2 ). The area of the fragments influenced species richness in a positive way. However, this relationship was not significant for Chao or Shannon diversity (Table 2) .
Direct vs. indirect effects of climate, area, and vegetation on avian diversity
To test indirect vs. direct effects and to summarize potential interactions between predictors, we used structural equation modeling, SEM (Fig. 3) . The final simplified model has a good fit with the data (chi-square ¼ 13.203, df ¼ 16, P ¼ 0.658; adjusted goodness of fit ¼ 0.95, 90% CI of RMSEA index ¼ 0-0.06) and explained 39% of the variance in bird species diversity. Climatic direct effects were not significant, and their paths were eliminated in the model simplification process. However, the indirect effects of climate on bird diversity remain significant through their effect on vegetation. Interestingly, the direct effect of area on avian diversity remains in the final model, although it is nonsignificant (P ¼ 0.17). Moreover, the magnitude of its direct effect (0.09) is smaller than the magnitude of its indirect effects mediated through vegetation (0.14) (Fig. 3) .
DISCUSSION
Overall, these results suggest that the environmental gradients are important drivers of local bird species diversity in the study area, whereas spatial structure has only a weak influence on species composition and turnover. Specifically, regional mediterranean and temperate climate influences affect local vegetation structure, which in turn affects local avian diversity in all its measures. Our analysis indicates that there are mainly three local vegetation structural elements that are important in maintaining diversity in bird assemblages in this region: (1) the density and cover of trees, with secondary young and dense forests harboring more species; (2) understory cover, especially in forests of low canopy; and (3) the interaction between availability of logs and snags and age of the forests.
Due to the scale of this study, which involves distances less than 1000 km but greater than 1 km (Fig. 2a) , it is useful to put these findings in a metacommunity context (Leibold et al. 2004 ). There are some similarities between the cluster analysis based on geographic distance (Fig. 2a) vs. the one based on composition distance (Fig. 2b) , suggesting that dispersal may play some role in community composition. However, the fact that there are important differences between them and that dissimilarity between sites is not significantly correlated with distance also suggests that other processes dominate community assembly at this scale. Taken together, the strong environmental influence and the weak spatial structuring of community composition provide strong support for the species sorting hypothesis and weaker support for the mass effect view. This is not surprising, given the results in other systems. For example, Cottenie (2005) reviewed 158 studies in temperate systems, mainly in North 
Richness measure
Variance explained (%) and direction of significant relationships Total variance explained (%)
Observed richness 2.8** (À) 6.1* (À) 0.6 12.1*** (þ) 2.6** (þ) 5.5*** (þ) 48.6 0.32 Estimated richness (Chao) 2.8 * (À) 3.6 * (À) À0.3 4.7 ** (þ) 1.1 1.5 21.3 0.98 Shannon index diversity 6.1 *** (À) 7.3 ** (À) 4.5 ** (À) 1.8 * (þ) 0.7 0.4 35.0 0.02
Notes: Each column shows the percentage of the variance explained by each response variable. Significance levels of the variables in each model are: P , 0.10; *P , 0.05; **P , 0.01; ***P , 0.001. The significance level for NMDS4 corresponds to the quadratic term. The signs of significant relationships are provided in parentheses.
America and Europe, and found that species sorting dominates community assembly, followed by the mass effect. These results suggest that most communities at the scale of 1000 km or less have important influences of environmental factors, whereas dispersal limitations are more important at larger scales. Moreover, the vast majority of data sets analyzed by Cottenie (2005) belong to either aquatic organisms or plants, and only four of them represent bird communities, showing a common taxonomic bias in metacommunity studies.
Another interesting point is the distinction between spatial structure generated by dispersal vs. that generated by environmental gradients. Although all theories predict some level of spatial structure in species richness due to the structure of the environmental gradients themselves, species composition does not necessarily respond in the same way. If species composition depends solely on dispersal, then it is clear that changes in species composition should be directly related to distance (Leibold et al. 2004 , Chase et al. 2005 . However, if species composition depends on the environmental gradients and species interactions along that gradient, then spatial autocorrelation in species composition is not a necessary outcome (Leibold et al. 2004 , Chase et al. 2005 . It follows that diversity could be strongly autocorrelated in space in any of these scenarios, but changes in species composition would not necessarily be, at least in the species sorting scenario. Here we found that environmental predictors were sufficient to account for spatial autocorrelation in richness (observed and estimated), but not to explain autocorrelation in Shannon diversity. However, spatial autocorrelation in Shannon diversity may be explained by a strong autocorrelation in species relative abundance (Moran's I, P , 0.05), which suggests important dispersal limitations structuring individual species populations rather than community composition. Furthermore, species composition dissimilarity was not significantly correlated with distance between parks, suggesting that dispersal limitations are not fundamental in determining species composition at this scale.
The use of structural equation modeling (SEM) allowed us to show the importance that several indirect effects may have in structuring avian assemblages. This technique has been shown to be useful in a variety of other contexts (Grace 2006 , Harrison et al. 2006 . Harrison et al. (2006) used SEM to study both regional and local influences on species richness of serpentine plants. The authors showed that historical and environmental factors as well as area have important effects on both local and regional species richness. The relationship between environmental factors and animal richness might be more complex than in the case of plants because there is at least one additional trophic level involved (O'Brien et al. 2000) . Direct effects of climatic variables may be related to important physiological constraints, such as thermoregulation and water stress (Spicer and Gaston 1999) . Indirect effects mediated Numbers outside the boxes (with short pointer arrows) are error estimates 6 SE associated with the observed or latent variables. In this model, bird diversity is represented as a latent variable with two indicator indices (Shannon and Richness). Vegetation variables (NMDS1, NMDS4, and NMDS5) have strong and direct effects on bird diversity, whereas climate (PC1 and PC3) only has indirect effects mediated through vegetation. Fragment area is also indirectly related to bird diversity, although a weaker, nonsignificant direct effect is also present. through changes in vegetation could also be related to local changes in productivity (Currie 1991) . In this case, climate's indirect effects suggest that the processes occurring at the local scale (related to vegetation structure) are more important than regional climate or physiological constraints in affecting avian species diversity.
The effect of area on bird species diversity was mostly indirect, mediated through changes in vegetation characteristics in fragments of different size. This is not surprising, given that the dramatic habitat fragmentation documented in the study area has been shown to produce important composition and structural changes in the vegetation of the Chilean temperate forests (Echeverria et al. 2007) . It is important to note that this kind of indirect effect cannot be analyzed with conventional regression techniques, and SEM provides an excellent tool to test this sort of indirect relationship.
Area has been linked to habitat heterogeneity, resource availability, isolation, and edge effects in different types of ecosystems (Fahrig 2003 , Lampila et al. 2005 . Lampila et al. (2005) summarized the direct and indirect effects that fragmentation (including area, isolation, and edge effects) may have on avian demography in forested landscapes. However, here we showed that area also affected vegetation structure within the forest patches in a way that indirectly enhanced its effects on bird diversity. This type of indirect effect is often ignored in many fragmentation studies. For example, Stouffer et al. (2006) reviewed the long-term effects of fragmentation on abundance of understory birds in the Amazon at the Biological Dynamics of Forest Fragment Project. The authors emphasized the importance of fragment area and characteristics of the surrounding matrix on bird abundance. Even though some structural vegetation changes have been documented over the last decade within the forest fragments studied (Laurance et al. 2002) , these changes were not considered as part of the factors that could affect bird abundance (Stouffer et al. 2006) .
Results shown here are also consistent with the idea that avifaunas of young secondary-growth forests are richer and more diverse than in old-growth forests, especially those where deadwood and understory has been removed or is absent. This kind of pattern has been described in several other systems (Blake and Loiselle 2001, Keller et al. 2003) . Conversely, Diaz et al. (2005) showed in southern evergreen communities that old-growth forests harbor more species than younger successional stages, and that second-growth forests, in fact, had lower richness than early or old-growth forests (Diaz et al. 2005) . Our results may differ for several reasons, including differences in the vegetation communities, forest management, and avian assemblages per se. The influence of a mediterranean component that appears to be significant in all the diversity measures considered here further suggests that the dynamics of bird assemblages in central Chile might be significantly different from those in southern regions. Anthropogenic effects may be more important in reserves located in the northern portion of the study area for several reasons. These reserves are usually smaller, located closer to larger human settlements, and many times they also have a higher park-ranger-to-area ratio. Although all these factors may be confounded here, teasing out the human component is difficult due to the lack of historical records regarding legal or illegal activities within the national parks and reserves, and this was outside the scope of this study. There are also some natural differences between Andean and coastal sites, the former usually being partially covered by snow during the winter, which may affect understory cover and vegetation productivity.
We have presented here a first attempt to gain a comprehensive understanding of forest avian communities in the region. Community composition appears to be strongly influenced by environmental gradients, providing yet another example supporting the species sorting hypothesis in temperate regions. It has been predicted that this area, which is at the ecotone between mediterranean and temperate climates, will suffer large changes in climate in the near future (Villalba et al. 2003) . Ultimately, the fact that environmental factors seem to be driving community assembly may mean that species will follow habitat shifts, and local communities will suffer large changes in composition and species relative abundance in particular areas. The question remains as to how these communities are going to be affected by the time lag between climate change and actual habitat shifts, in which the relationships between climate and vegetation may temporarily change dramatically.
